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Real-Time 3-Dimensional Echocardiographic
Quantiﬁcation of Left Ventricular Volumes
Multicenter Study for Validation With Magnetic Resonance Imaging and
Investigation of Sources of Error
Victor Mor-Avi, PHD,* Carly Jenkins, MS,† Harald P. Kühl, MD,‡
Hans-Joachim Nesser, MD,§ Thomas Marwick, MD,† Andreas Franke, MD,‡
Christian Ebner, MD,§ Benjamin H. Freed, MD,* Regina Steringer-Mascherbauer, MD,§
Heidi Pollard, BS,* Lynn Weinert, BS,* Johannes Niel, MD,§ Lissa Sugeng, MD,*
Roberto M. Lang, MD*
Chicago, Illinois; Brisbane, Australia; Aachen, Germany; and Linz, Austria
O B J E C T I V E S We sought to study: 1) the accuracy and reproducibility of real-time 3-dimensional
echocardiographic (RT3DE) analysis of left ventricular (LV) volumes in a multicenter setting, 2)
interinstitutional differences in relationship with the investigators’ speciﬁc experience, and 3) potential
sources of volume underestimation.
B A C KG ROUND Reproducibility and accuracy of RT3DE evaluation of LV volumes has not been
validated in multicenter studies, and LV volumes have been reported to be underestimated compared
to cardiac magnetic resonance (CMR) standard.
METHOD S A total of 92 patientswith awide range of ejection fractions underwent CMRandRT3DE imaging
at 4 different institutions. Images were analyzed to obtain LV end-systolic volume (ESV) and end-diastolic volume
(EDV). Reproducibility was assessed using repeated analyses. The investigation of potential sources of error
included: phantom imaging, intermodality analysis-related differences, and differences in LV boundary identiﬁca-
tion, such as inclusion of endocardial trabeculae and mitral valve plane in the LV volume.
R E S U L T S The RT3DE-derived LV volumes correlated highly with CMR values (EDV: r  0.91; ESV: r
 0.93), but were 26% and 29% lower consistently across institutions, with the magnitude of the bias
being inversely related to the level of experience. The RT3DE measurements were less reproducible (4%
to 13%) than CMR measurements (4% to 7%). Minimal changes in endocardial surface position (1 mm)
resulted in signiﬁcant differences in measured volumes (11%). Exclusion of trabeculae and mitral valve
plane from the CMR reference eliminated the intermodality bias.
CONC L U S I O N S The RT3DE-derived LV volumes are underestimated in most patients because
RT3DE imaging cannot differentiate between the myocardium and trabeculae. To minimize this
difference, tracing the endocardium to include trabeculae in the LV cavity is recommended. With the
understanding of these intermodality differences, RT3DE quantiﬁcation of LV volume is a reliable tool
that provides clinically useful information. (J Am Coll Cardiol Img 2008;1:413–23) © 2008 by the
American College of Cardiology Foundation
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414olumetric measurements using 3-dimensional
echocardiography (3DE) avoid the need for
geometric assumptions and the risk of under-
estimating volumes in foreshortened views.
onsequently, the evaluation of left ventricular
LV) volumes and the ejection fraction (EF) has
een shown to be more reproducible and accurate
ith 3DE than both 2-dimensional and M-mode
ased techniques, when compared with cardiac
agnetic resonance (CMR) (1–6). The superiority
f the 3DE imaging in terms of improved accuracy
7–12) and reproducibility (12,13) was recently also
emonstrated for real-time 3-dimensional echocar-
iographic (RT3DE) imaging, which allows fast
nd largely automated volumetric analysis of LV
olume and function based on endocardial surface
etection (Fig. 1) (13,14). Although this method-
logy has been compared against CMR in single-
enter studies by several investigators, it has not
been validated in a standardized protocol
in a multicenter setting.
Importantly, several recent studies have
reported that RT3DE underestimates LV
volumes (13,15–17) to a variable extent,
but no consensus has been reached regard-
ing the factors contributing toward this
error. We hypothesized that this volume
underestimation may be due to differences
in spatial and contrast resolution between
RT3DE and CMR imaging that deter-
mine the level of detail with which the left
ventricle is visualized. This is because the
ability to visualize endocardial surface de-
tail, including trabeculae and papillary
muscles, and the mitral apparatus, is likely
o affect the identification of the LV boundaries and
etermine to what extent these structures are in-
luded in the LV volume. Also, the intermodality
iscordance may be increased by analysis-related
ifferences, such as different views used to identify
he endocardial boundary as well as different algo-
ithms used for volume calculations and their soft-
are implementations.
Accordingly, this study was designed to: 1) vali-
ate volumetric analysis of the left ventricle from
T3DE datasets against the standard CMR refer-
nce technique in a multicenter setting; 2) compare
he reproducibility of this analysis with that of
MR volume measurements; 3) study interinstitu-
ional differences in accuracy and reproducibility of
he RT3DE volume measurements in relationship
ith the level of the investigators’ experience with
hiche analysis software in each site; and 4) identify ind evaluate the relative contributions of the po-
ential sources of error.
E T H O D S
tudy design. Initially, aims #1 and #2, namely the
ccuracy and reproducibility of RT3DE volume
easurements, were addressed by enrolling patients
ithin a wide range of LVEF, referred for CMR
valuation of LV size and function in 4 institutions.
n each patient, RT3DE and CMR imaging were
erformed on the same day. All images were ana-
yzed to obtain LV end-systolic volume (ESV), LV
nd-diastolic volume (EDV), and EF, which were
ompared between the 2 modalities. We also used
hese data to compare in how many patients
T3DE and CMR differed in their classification in
erms of EF being above or below 35%, a clinically
mportant cutoff in patients with heart failure. Repro-
ucibility of both RT3DE and CMR techniques was
tudied using repeated measurements.
To achieve aim #3, namely the experience-related
nterinstitutional differences, investigators in the
articipating institutions, all experienced echocar-
iography researchers, were provided with different
evels of instruction and training with the prototype
oftware tool for analysis of LV volume (QLAB,
DQ-Advanced, Philips Medical Systems, Bothell,
ashington). Among the 4 sites, the level of
xperience ranged from at least 1 year of frequent
se for previous research projects to several hours of
nstruction. The investigators were not informed
hat the level of experience was a variable in the
tudy design. Accuracy and reproducibility of the
olumetric analysis were compared between institu-
ions and correlated with the level of experience.
To achieve aim #4, the identification of the
otential sources of error, we performed several
dditional protocols. First, we obtained a series of
T3DE datasets from phantoms, which were used
o: 1) rule out a calibration error in the analysis
oftware; 2) calculate how much a minimal change
n a boundary position would affect the measured
olume; and 3) trace the boundaries in different
ays to determine which boundary position would
ield correct volume measurements in agreement
ith the known true volumes.
In human hearts, a potential source of error that
e investigated was the criteria for inclusion/
xclusion of basal LV short-axis slices in the CMR
eference technique. Over the past years, studies
ave used different criteria that ranged from: 1)B B R E V I A T I O N S
N D A C R O N YM S
DE 3-dimensional
chocardiography
MR cardiac magnetic
esonance
DV end-diastolic left
entricular volume
F ejection fraction
SV end-systolic left
entricular volume
V left ventricular
T3DE real-time three-ncluding all slices below the LV outflow tract; 2)
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415ncluding all slices below the mitral annulus; to 3)
he current convention used in this multicenter
tudy that includes all slices in which at least 50%
ircumference of the LV cavity is surrounded by
yocardial tissue (18). To determine how much the
se of criterion 3 could have contributed to the
ntermodality discordance, CMR LV volumes ob-
ained at 1 site were recalculated using criterion 2
bove, that is, excluding slices in which mitral
nnulus was visualized, irrespective of myocardium
urrounding the LV cavity (Fig. 2).
Additional potential errors related to CMR anal-
sis include tracing endocardial boundaries in short-
xis CMR slices (vs. initializing the endocardium in
rthogonal long-axis planes extracted from RT3DE
atasets) as well as different algorithms used for
olume calculations. To determine the magnitude
f these errors, CMR images obtained in a sub-
roup of patients were interpolated into a 3D
ormat identical to that of the RT3DE datasets and
nalyzed using the same volumetric analysis soft-
are (QLAB, 3DQ-Advanced) (Fig. 3). The re-
ults of these measurements were compared with
hose obtained using the standard CMR analysis
echnique.
Finally, because the visualization of the endocar-
ial trabeculae by RT3DE imaging is limited in
any patients (Fig. 4), the trabeculae may be
rroneously perceived as part of the myocardium.
e thus hypothesized that this may also be an
mportant source of error in the quantification of
V volumes. Accordingly, volumetric analysis of
he reformatted CMR 3D datasets was repeated
hile excluding the trabeculae from the LV cavity
19). The results of these unconventional measure-
ents were compared to the RT3DE values ob-
ained in the same patients.
opulation. We studied 92 patients (age 57  16
ears; 69 men and 23 women) referred for CMR
valuation of LV size and function in 4 institutions.
atients were enrolled into 4 groups according to
F as determined by biplane 2-dimensional echo-
ardiography: group 1 included 21 patients with EF
20%, group 2 included 23 patients with EF 21%
o 40%, group 3 included 24 patients with EF 41%
o 55%, and group 4 included 24 patients with EF
55%. Exclusion criteria were prior cardiac surgery
nd known contraindications for CMR imaging,
ncluding pacemaker or defibrillator implantation,
trial arrhythmia, claustrophobia, and dyspnea pre-
luding a 10- to 15-s breath-hold. The protocol was
pproved by the Institutional Review Board of each sarticipating institution. Written informed consent
as obtained in each patient.
agnetic resonance imaging and analysis. The CMR
mages were obtained using a 1.5-T scanner with a
hased-array cardiac coil. Equipment manufacturers
aried between institutions and included Philips (In-
era Achievea, Best, the Netherlands), Siemens
MAGNETOM Sonata, Erlangen, Germany), and
eneral Electric (Sigma Excite, Milwaukee, Wiscon-
in). In each patient, retrospective electrocardiogram-
ated localizing spin-echo sequences were used to
dentify the long axis of the heart. Steady-state free
recession dynamic gradient-echo cine loops were
hen obtained using retrospective electrocardiographic
ating and parallel imaging techniques (sensitivity
ncoding for Philips, modified sensitivity encoding for
iemens, and array spatial sensitivity encoding tech-
ique for GE) during 10- to 15-s breath-holds with a
emporal resolution of 30 frames per cardiac cycle. In
ll patients, cine loops of 8-mm thick short-axis slices
ith 2-mm gaps and 2.0  2.0-mm in-plane spatial
esolution were obtained from just above the ventric-
lar base to just below the apex.
The CMR images acquired at each site were
nalyzed at that site using commercial software
Figure 1. RT3DE Quantiﬁcation of LV Volume
Example of apical 4- and 2-chamber (top left and right, respectivel
(bottom left) cut planes obtained from a real-time 3-dimensional e
(RT3DE) dataset of 1 patient. Images are shown with semiautomatic
dial contours that include endocardial trabeculae in the left ventric
mization of the boundaries in multiple planes results in a cast of th
right), from which LV volume is quantiﬁed by counting voxels insidy) and short-axis
chocardiographic
ally traced endocar-
ular (LV) cavity. Opti-
e LV cavity (bottomupplied by the corresponding manufacturer (Phil-
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416ps: ViewForum; Siemens: Argus; GE: MASS
nalysis). Analysis included slices from the first
asal slice that showed at least 50% of the circum-
erence of the LV cavity surrounded by myocardial
issue through the last apical slice that showed the
V cavity (18,19). The LV endocardial boundary
as semiautomatically traced with the papillary
Figure 2. LV Volume Calculated From Cardiac Magnetic Resona
This is demonstrated here using a long-axis CT image (left) depictin
resonance images are generated by compacting information from s
mitral valve (middle panel, between horizontal orange lines) wou
cumference is surrounded by myocardial tissue (right). By conventi
this rule is often difﬁcult to use with conﬁdence because of partial
determine to what extent the volume in question, ∆V (middle pane
patients.
QLAB 3D CMR
iﬁcation of LV Volume
ce values without analysis-related intertechnique differences, CMR
ed into 3D datasets and analyzed using the same software that
T3DE data. Apical 4- and 2-chamber (top left and right, respec-
bottom left) cut planes as well as the LV cast (bottom right)
CMR dataset of the same patient shown in the same format as in4
s as in Figures 1 and 2.uscles and trabeculae included in the LV cavity in
very slice at end-diastole (first frame in the se-
uence) and end-systole (smallest LV cavity, as
isually determined from 2 to 3 different slices) and
anually adjusted when necessary. All tracings were
erformed by investigators experienced in CMR
nalysis of LV size and function using the above
ointly agreed criteria. The investigators had no
nowledge of the echocardiographic measurements.
he ESV and EDV were calculated using the
isk-area summation method (modified Simpson’s
ule). The EF was calculated from the ESV and
DV using the standard formula. These values
ere used as a reference for comparison with the
T3DE data.
chocardiographic imaging and analysis. The
T3DE harmonic imaging was performed using
he Philips iE33 imaging system and an X3-1
atrix array transducer with the patient in the left
ateral decubitus position. A wide-angled acquisi-
ion “full-volume” mode, in which 5 wedge-shaped
ubvolumes are acquired over 5 consecutive cardiac
ycles, was used during a single breath-hold. Special
are was taken to include the entire LV cavity
ithin the pyramidal 3D volume. Before each
cquisition, images were optimized for endocardial
isualization by modifying the gain, compress, and
ime gain compensation controls. Acquisition off all
T3DE datasets required 10 to 15 min.
Digital RT3DE images were analyzed at each
ite using prototype software (QLAB, 3DQ-
dvanced, Philips) by an investigator blinded to the
esults of the CMR measurements. First, 2- and
(CMR) Images Depends on Inclusion Criteria for Basal Slices
ft ventricular (LV) anatomy with great detail. Cardiac magnetic
of ﬁnite thickness (8 mm in this study). A slice that contains the
rrespond to a short-axis view where most of the LV cavity cir-
his slice would be included in the calculation of LV volume. Since
me artifacts, it may affect CMR-derived LV volumes. We sought to
ould effect LV volume measurements in a group of consecutive∆V
nce
g le
lices
ld co
on, t
volu
l), wFigure 3. CMR Quant
To obtain CMR referen
images were reformatt
was used to analyze R
tively) and short-axis (
obtained from the 3D-chamber views with the largest long-axis dimen-
s
d
f
e
4
t
d
e
t
m
c
p
(
t
E
y
w
s
E
E
i
t
r
p
R
d
i
y
w
l
t
m
S
E
c
r
a
l
v
v
w
t
l
m
p
g
P
o
i
i
I
v
d
l
3
a
v
fi
s
s
v
c
w
u
w
i
s
m
3
t
m
e
t
R
C
t
m
i
r
a
v
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 , N O . 4 , 2 0 0 8
J U L Y 2 0 0 8 : 4 1 3 – 2 3
Mor-Avi et al.
3D Quantification of LV Volume: Multicenter Study
417ions were selected from the RT3DE pyramidal
ataset as described previously (20) in the first time
rame of the dataset (Fig. 1, top panels), that is,
nd-diastole. In these 2 planes, 5 points, including
points on the mitral annulus (2 in each plane) and
he apex in either plane, were manually initialized to
efine the endocardial surface. Then, the initial
ndocardial surface was manually adjusted in mul-
iple apical planes, while including the papillary
uscles in the LV cavity, and its position was
orrected as necessary in multiple arbitrary cut
lanes until the best match was visually verified
Fig. 1, bottom right). Then, the voxel count inside
he endocardial surface was used to calculate the
DV without any geometric modeling. This anal-
sis was then repeated for the end-systolic frame,
hich was identified as the frame that showed the
mallest LV cavity, resulting in a measurement of
SV. The EF was calculated from the ESV and
DV using the standard formula. The adjustments
n endocardial surface position, being the most
ime-consuming part of the analysis procedure,
equired approximately 5 min per dataset in most
atients.
eproducibility analysis. To determine the repro-
ucibility of LV volume measurements for each
maging modality, CMR and RT3DE image anal-
sis was repeated by an additional investigator as
ell as by the same primary reader at least 1 week
ater. During these repeated analyses, the investiga-
ors were blinded to the results of all prior
easurements.
tatistical analysis. The RT3DE-derived values of
DV, ESV, and EF were compared with the
orresponding CMR reference values using linear
egression with Pearson’s correlation coefficients
nd Bland-Altman analyses to assess the bias and
imits of agreement with the CMR reference. To
erify the significance of the biases paired t test
ersus null values were applied. Any p values 0.05
ere considered significant. Interobserver and in-
raobserver variabilities were calculated as the abso-
ute difference of the corresponding pair of repeated
easurements as a percentage of their mean in each
atient and then averaged over the entire study
roup as well as for each site separately.
hantom imaging and measurements. First, to rule
ut a calibration error, an egg-shaped phantom was
mmersed in a water bath and subjected to RT3DE
maging using the same matrix array transducer.
maging settings were adjusted to optimize the
isualization of the shell boundaries. A full-volume
ataset of the phantom was acquired using simu- mated ECG gating and analyzed using QLAB
DQ-Advanced software following the same steps
s during analysis of LV volume. The measured
olume was compared with the true volume speci-
ed by the manufacturer. Additionally, custom
oftware was then used to expand the detected
urface outward exactly 1 mm and measure the
olume increment in milliliters as well as in per-
entage of the true volume.
In addition, to further explore the extent to
hich differences in surface tracing can affect vol-
me determinations, 4 water-filled latex balloons
ith volumes comparable to human ventricles, were
maged using the same methodology. Digital data-
ets were analyzed using the same software to
easure balloon volumes. Each balloon was traced
times by contouring along the inner interface,
hen along the outer interface, and finally in the
iddle of the latex layer. Volumes resulting from
ach tracing session were recorded and compared to
he true volume of each balloon.
E S U L T S
omparisons with CMR. Figure 5 shows the results of
he comparisons between the RT3DE measure-
ents of EDV, ESV, and EF and the correspond-
ng CMR values. Although the 2 techniques cor-
elated highly, as reflected by r values of 0.91, 0.92,
nd 0.81, respectively, Bland-Altman analysis re-
ealed negative biases of 67 ml (29% of the
Patient 1 Patient 2
Figure 4. Effects of RT3DE Image Quality on Endocardial Visual
These examples of short-axis cut planes extracted from RT3DE data
how spatial resolution may affect the perception of endocardial bo
(left), endocardial trabeculae can be well visualized and clearly diffe
myocardium and thus appropriately included in the LV cavity. In co
patient (right), the spatial resolution of the RT3DE image is not suf
kind of detail and is likely to result in erroneous exclusion of the tr
cavity. Abbreviations as in Figure 1.ization
sets demonstrate
undaries. In 1 patient
rentiated from the
ntrast, in the second
ﬁcient to provide this
abeculae from the LVean CMR-derived EDV value, p  5  1017),
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41841 ml (27% of the mean ESV value, p  6 
012), and3% (p 4 106). Importantly, the
tandard deviations of the intertechnique differ-
nces were quite wide, reflecting the inconsistent
ature of volume underestimation by RT3DE tech-
ique in individual patients. Also, we found that
T3DE and CMR classifications in terms of the
5% EF cutoff were identical in 78 out of 92
atients (85%).
nterinstitutional differences. Table 1 shows the re-
ults of the regression and Bland-Altman analyses
or each participating institution, which were ar-
anged in the descending order of experience with
he analysis software. Interestingly, measurements
erformed by the most experienced investigators
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Figure 5. Comparisons Between RT3DE and CMR Measurements
These plots show the results of linear regression and Bland-Altman
[EDV] and end-systolic volume [ESV]) and ejection fraction (EF) agai
difference from CMR values averaged over patients (bias)  standa
lations that were similar to previously published single-center studi
center setting. Abbreviations as in Figures 1 and 2.
Table 1. Results of Comparisons Between RT3DE and CMR Meas
All Patients
EDV
r Bias
0.91 67  47 ml 29
Site A 0.93 37 27 ml 19
Site B 0.95 63 43 ml 29
Site C 0.92 72 55 ml 29
Site D 0.89 89 33 ml 36
Correlation with CMR values and difference from CMR values averaged over pat
as for patients studied at each site separately (sites arranged in descending or
CMR cardiac magnetic resonance; EDV end-diastolic left ventricular volume3-dimensional echocardiographic.site A) showed biases that were roughly half of
hose noted in the entire study group. Despite the
igh correlations with the CMR reference values
or all sites, the biases progressively increased with
he decreasing level of experience, reaching maxi-
um values for site D. Intersite comparisons of
racing methodology revealed that the investigators
ost experienced with this technique tended to
race endocardial boundaries as far outward as
ossible to include as much endocardial trabeculae
s possible in the LV cavity. Conversely, less expe-
ienced users tended to trace endocardial bound-
ries along what appeared to be the blood-tissue
nterface, that is, the area of maximum intensity
radients.
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LV Volumes and EF
lyses between RT3DE-derived LV volumes (end-diastolic volume
CMR reference values obtained in 92 study patients: r values and
eviation (95% limits of agreement [LOA]). Despite the high corre-
T3DE-derived volumes showed large negative biases in the multi-
ments of LV Volumes
ESV
r Bias
0% 0.93 41  46 ml 27  30%
3% 0.92 18 30 ml 15 25%
0% 0.96 31 42 ml 24 32%
2% 0.94 44 54 ml 26 32%
3% 0.90 63 39 ml 39 24%
(bias)  standard deviation. Data are shown for the entire study group, as well
f experience with volumetric analysis software).
 end-systolic left ventricular volume; LV left ventricular; RT3DE real-time3
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419eproducibility. Table 2 shows the results of the
eproducibility analysis of LV volumes for CMR
mages and RT3DE datasets. For both EDV and
SV, both the interobserver and intraobserver vari-
bilities were higher for RT3DE-derived volumes
han for the CMR measurements. Not surprisingly,
or both EDV and ESV measured by both tech-
iques, the interobserver variability was higher than
he intraobserver variability. Importantly, all vari-
bility values were within 10% with the exception of
he interobserver variability of the RT3DE ESV
easurements, which was 13%. It is worth noting,
owever, that in individual patients, variability lev-
ls of both imaging modalities far exceeded the
cceptable 10% to 15% levels (Table 2). Of note
lso, there were no clear experience-related trends
A
V=68.7 ml V=7
D
V=127 ml V=1
B
E
Figure 6. In-Vitro Investigation of Sources of Error
(Top) Long-axis cut plane extracted form a RT3DE dataset of an eg
face (A), after expanding the boundary 1 mm outward (B), and with
2 boundaries resulted in an 11% difference in the measured volum
of a water-ﬁlled latex balloon with 3 alternative manually traced bo
and in the center of the latex layer (F). Volumes (V) resulting from
Table 2. Results of Reproducibility Analysis of LV Volumes
Obtained From CMR Images and RT3DE Datasets
Interobserver (%) Intraobserver (%)
EDV CMR 5 4 0–21 4 5 0–26
RT3DE 8 8 0–38 5 5 0–20
ESV CMR 7 7 0–36 4 4 0–19
RT3DE 13 14 0–70 10 11 0–62
Interobserver and intraobserver variability values (percentage of the mean of
2 repeated measurements) averaged over patients  standard deviations
shown with ranges of values noted in individual patients.
Abbreviations as in Table 1.of 150 ml. Abbreviations as in Figure 1.n the interobserver and intraobserver variabilities
ata.
hantom studies. Figures 6A to 6C show a long-
xis cut plane of the egg-shaped phantom extracted
rom a RT3DE dataset with the traced boundary
uperimposed (Fig. 6A). Volume measurements
erformed in the phantom yielded 68.7 ml. Ex-
anding the surface only 1 mm outward (Fig. 6B)
esulted in volume of 76.1 ml. Of note, a barely
isible difference of 1 mm in the surface position
Fig. 6C) resulted in a volume difference of 7.4 ml
r 11% of the true volume of 73.29 ml as per
anufacturer’s specifications.
Figures 6D and 6E show images of a water-filled
alloon with the boundaries traced in 3 different ways.
able 3 summarizes the results of volume measure-
ents obtained with such tracings in 4 different
alloons. The most accurate measurements (within
% error) were obtained by tracing through the center
f the latex layer, while the other 2 tracings resulted in
onsiderable errors of 12% to 23%.
odiﬁcations to CMR reference. Two investigators,
ho jointly reviewed CMR images obtained in 20
andomly selected patients enrolled at 1 institution,
etermined that exclusion of basal slices depicting
he mitral annulus could be justified in 13 out of 20
atients. Excluding these basal slices resulted in
C
∆V=7.4 ml ml
F
 ml V=184 ml
aped phantom, shown with the boundary traced along the inter-
th boundaries (C). Interestingly, the small difference between the
the 3D shell (see text for details). (Bottom) Cross-sectional views
aries: along the inner interface (D), along the outer interface (E),
tracing session are shown to be compared with the true volume6.1
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420maller CMR reference values and thus reduced the
iases in LV volumes by approximately 20% (Table 4).
Interpolation of stacks of CMR short-axis slices
esulted in 3D datasets suitable for volumetric
nalysis of LV size in 19 of a group of 23 patients
nrolled at 1 of the 4 sites (Fig. 3). In the remaining
patients, misregistration of the left ventricle in the
hort-axis slices resulted in “stitch” artifacts in the
ong-axis views that did not allow the generation of
mooth endocardial surfaces. The EDV and ESV
easurements obtained from 3D datasets were
imilar to those measured using the conventional
MR technique based on the method of disk
pproximation (Fig. 7), as reflected by correlation
oefficients of r 0.997 for both volumes and small
iases of 7  15 ml and 5  15 ml, respectively
4  4%, p  0.05; and 2  6%, p  0.07).
In these 19 patients, exclusion of endocardial
rabeculae from the LV cavity during volumetric
nalysis of interpolated 3D CMR datasets (Figs. 8A
nd 8B) improved the agreement between the
T3DE-derived LV volumes and the CMR refer-
nce values. Figures 8C and 8D summarize the
esults of linear regression and Bland-Altman anal-
ses in this group of patients for both sets of CMR
eference values, those obtained with and without
he trabeculae included in the LV cavity. Exclusion
f trabeculae resulted in clear improvement in the
ntermodality agreement, as reflected by regression
lopes closer to 1.0 and smaller intercepts, higher
orrelation values, and a decrease in the magnitude
f the biases from 14% and 9% (p  0.05 for
oth) to 1% and 2% (NS for both).
I S C U S S I O N
lthough most previous published reports have
ndorsed RT3DE evaluation of LV volumes for
Table 3. Results of Volume Measurements in Water-Filled
Balloons Obtained From RT3DE Datasets While Tracing the
Latex Shell in 3 Different Ways
True Volume (ml)
Measured Volumes (ml)
Inner Center Outer
1 150 127 148 184
2 329 289 331 398
3 159 130 161 194
4 133 109 134 162
Tracing was accomplished by contouring along the inner interface, along the
outer interface, and in the middle of the latex layer. Note the agreement
between the latter measurements and the true volumes.
Abbreviation as in Table 1.linical use, their conclusions were based on single-enter studies, in which data were acquired and
easured by highly trained personnel. The ratio-
ale behind our study design was to simulate as
losely as possible the conditions under which this
ethodology would ultimately be used clinically. In
his setting, the levels of training and experience
ith RT3DE evaluation of LV volumes vary
idely. The main question we sought to answer was
hether or to what extent average end users of
T3DE equipment and volumetric analysis soft-
are could expect their LV volume measurements
o be interchangeable with those performed with
he current standard reference technique, namely
MR imaging. This question is of particular prac-
ical importance because these tools are becoming
idely available and are anticipated by some to
rovide a quick, relatively inexpensive and portable
lternative to CMR imaging (13,16).
Our results confirmed that although RT3DE and
MR measurements resulted in identical classifica-
ion with respect to the 35% EF cutoff in the
ajority of patients, these 2 techniques do not yield
dentical LV volumes and EF. First, RT3DE-
erived volumes are underestimated compared with
MR reference for a variety of reasons, some of
hich are experience-dependent and can be ad-
ressed by adequate training, but others are inher-
nt to the technique and need to be taken into
ccount when measurement results are interpreted.
e found that the major source of error is that in
ost patients the spatial resolution of RT3DE
maging is insufficient to provide clear definition of
ndocardial trabeculae, which are, as a result,
umped together with the myocardium rather than
eing included in the LV cavity, as during analysis
f CMR images. As our results show (Table 1, site
), this error can be minimized by learning how to
dentify the true endocardial boundaries beyond the
lood-trabeculae interface. Contrast enhancement
ay potentially help with visualizing the trabeculae
Table 4. Effects of Exclusion of the Mitral Annular Plane From
CMR Measurements of LV Volume on the Agreement Between
RT3DE-Derived Measurements with CMR Reference
Bias in EDV (ml) Bias in ESV (ml)
CMR reference with
mitral annular plane
37 27 18 29
CMR reference without
mitral annular plane
29 24 14 29
p value 0.002 0.004
Results of Bland-Altman analysis obtained in 20 randomly selected patients
are shown as bias  standard deviation.
Abbreviations as in Table 1.
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421nd may specifically allow separating them from the
yocardium. This hypothesis remains to be tested
n future studies.
An additional source of intertechnique discor-
ance includes the CMR criteria for inclusion of
asal LV slices, which can significantly affect the
eference values. This problem does not exist for the
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Figure 7. Intertechnique Comparisons for CMR Measurements o
Results of linear regression and Bland-Altman analyses of agreemen
analysis of interpolated 3D CMR datasets (QLAB Advanced software
software, Philips). The high levels of agreement evidenced by these
CMR measurements as a signiﬁcant source of error. LOA  limits of
Figure 8. Effects of Exclusion of Endocardial Trabeculae From th
(Left) Example of a short-axis CMR slice extracted from an interpola
beculae (A) and, in a separate analysis, to exclude them (B). This ex
Results of linear regression and Bland-Altman analyses are shown (C
with (yellow) and without (orange) the trabeculae as part of the LV cavT3DE technique that uses mostly long-axis views
or endocardial surface determination. Thus, this
ssue should not be regarded as an error of the
T3DE analysis but rather as its strength. Never-
heless, the users need to be aware of these inter-
odality differences when interpreting results of
V volume measurements.
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Volumes
tween LV volumes measured in 19 patients using volumetric
d the conventional method of disk approximation (ViewForum
ults ruled out analysis-related differences between RT3DE and
eement; other abbreviations as in Figures 1, 2, and 5.
V Cavity
3D CMR dataset with endocardial surface traced to include tra-
ment was performed with data obtained in 19 patients. (Right)
V, D: ESV) for both sets of CMR reference values, those obtained0
f LV
t be
) an
rese L
ted
peri
: EDity (see text for details). Abbreviations as in Figures 1, 2, and 5.
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422The reproducibility of RT3DE measurements of
V volumes was lower than that of CMR analysis,
ost likely because endocardial definition of the
atter images is in most cases better than that of
T3DE datasets. Nevertheless, in this study, both
nterobserver and intraobserver variabilities of
T3DE measurements were within what is widely
onsidered as the clinically acceptable range of up to
0% to 15%. Notwithstanding, it is important to
emember that these numbers refer to group aver-
ges, and differences between repeated measure-
ents in individual patients can be significantly
arger, as indeed was the case for both RT3DE and
MR measurements in this study. One of the
imitations of this study is that the reproducibility of
epeated acquisitions was not studied.
Importantly, all sites participating in this study
sed commercial RT3DE analysis software offered
y one vendor (Philips). Therefore, the conclusions
f this study can directly apply only to this specific
oftware, because alternative software programs
ere not tested. Nevertheless, it is likely that such
lternative analysis would have resulted in similar
ndings, given the experience-dependent differ-
nces in endocardial boundary tracing noted in this
tudy.
Our investigation of the sources of error led us to
rst rule out the possibility of calibration error,
ither in the imaging system or in the analysis
oftware. Because the degree of volume underesti-
ation varied widely between patients, we did not
nticipate finding such an error, and indeed, it was
uled out by the phantom measurements. Our
hantom studies also demonstrated how crucial the
xact boundary position is for accurate volume
easurements, because a barely visible 1-mm dif-
erence in surface position resulted in considerable
ifferences in the calculated volumes. Our measure-
ents in water-filled balloons demonstrated that
ven for volumes as large human ventricles, minimal
ifferences in boundary tracing can result in biased
olume measurements, which would be the case if
ne systematically traced endocardial boundaries
lightly more inward. These findings also explain in
 quantitative manner the intermeasurement vari-
bility of RT3DE volume measurements of human
entricles where endocardial boundaries are never as vell defined as the latex-water interface of the bal-
oons, even in areas without prominent trabeculae.
The use of interpolated 3D CMR datasets al-
owed us to prove 2 important points. First, the
ifferences between analysis techniques normally
sed for CMR images and RT3DE datasets could
ot have biased the measurements to an extent even
lose to what we found in our patients, because
nalysis of the same CMR images using the 2
echniques resulted in virtually the same volume
alues. Second, repeated volumetric analysis of
hese datasets while excluding endocardial trabecu-
ae from the LV cavity (19) produced results very
imilar to those measured using the same analysis
echnique in RT3DE datasets. This finding allowed
s to extrapolate our interpretation to state that,
onversely, if trabeculae could be visualized on
T3DE images as well as they are visualized on
MR images and thus could be included in the LV
avity, one would expect RT3DE measurements to
e very similar to the standard CMR reference.
O N C L U S I O N S
n summary, this is the first study to test and
alidate volumetric quantification of LV volumes
rom RT3DE datasets against CMR standard ref-
rence in a multicenter setting wherein RT3DE
ata were analyzed by observers with variable levels
f specific experience. Although in our patients
T3DE-derived LV volumes were underestimated
ompared to CMR reference values, this study
larified the role of different potential sources of
rror and provides guidelines for future users on
ow to minimize these errors as well as how to
nterpret their findings.
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